1. Tightly coupled mitochondria were isolated from AspergillU8 niger by using an all-glass homogenizer followed by differential centrifugation. 2. The mitochondria oxidized the common intermediates of the tricarboxylic acid cycle, NADH2 and the ascorbate-tetramethyl-p-phenylenediamine system. 3. High P/O ratios and control of respiration by ADP were obtained with all substrates tested. The average P/O ratios observed were: 1-5-1-8 with succinate as substrate [respiratory control ratio (RC) 2-4]; 0'8-1-0 with ascorbate-tetramethyl-p-phenylenediamine (RC 1.2-1.5); 1 4-1 8 with NADH2 (RC 2-3); 2 4-2 8 with oc-oxoglutarate (RC 3-5). 4. Bovine serum albumin (0.05-0.2%) was essential for tightly coupled respiration to be observed. 5. Coupled oxidation of exogenous NADH2 was relatively insensitive to rotenone and Amytal. 6. The mitochondria responded to specific inhibitors and uncoupling agents in a manner similar to that of mammalian mitochondria. 7. It was concluded that the isolated mitochondria from A. niger show respiratory properties similar to those reported for intact yeast and mammalian mitochondria.
parations that were capable of phosphorylation coupled to oxidation of substrates other than succinate. All these methods employed a mechanical procedure for the disruption of the yeast cells, and control of respiration by ADP, where reported, was poor. The technique of digestion of the fungal cell wall with snail (Helix pomatia) digestive juice (Eddy & Williamson, 1957;  Heyman-Blanchnet, Zajdela & Chaix, 1959) was applied by Ohnishi & Hagiho,ra (1964) and by Duell, Inoue & Utter (1964) to the isolation of intact yeast mitochondria. The latter workers, from a comparison of the morphological and respiratory properties of the mitochondria, concluded that the enzymic procedure was superior to the mechanical one for the preparation of intact mitochondria.
The report by Ohnishi, Kawaguchi & Hagihara (1966a) on the preparation and properties of mitochondria from the yeast Saccharomyces carl8berg-ensi8 indicated a close similarity between the yeast and mammalian electron-transport systems. Further studies on yeast mitochondria, and especially the concept of site I phosphorylation, have been developed by Ohnishi, Sottocasa & Ernster (1966b) .
The latter authors considered site I phosphorylation to be absent from Saccharomycea yeasts, but Stekhoven (1966) has presented evidence for the existence of at least three phosphorylation sites in the respiratory chain of mitochondrial preparations from S. cartebergen8i&.
Apart from the yeasts, the mitochondrial fraction isolated from A8pergillu8 oryzae by Iwasa (1960) required the addition of a nucleotide fraction for maximum phosphorylation efficiency (P/O 1.6) with succinate. Other fungi from which phosphorylating mitochondria have been isolated include Allomyces8wzmcrogunus (Bonner & Machlis, 1957) and Neuro8pora cramsa (Hall & Greenwalt, 1964;  Weiss, 1965) .
The object of the present investigation was the preparation of tightly coupled and hence relatively intact mitochondria from the filamentous fungus A8pergillu8 niger, and a comparison of the electrontransport chain with that of yeast and mammalian mitochondria. polarizing voltage of 0-65v was used for the polarographic measurement of 02 uptake. The capacity of the incubation vessel was 2-2ml. An electrode treated with collodion solution (ether-methanol-collodion, 4:0-2:1, by vol.) was used to avoid daily cleaning difficulties and underestimation of 02 uptake (Hagihara, 1961) . After reagents were added by micro-pipettes via a side arm, the reaction medium was rapidly stirred with a glass rod. The servo recorder pen was left on throughout the experiment except during the addition of the mitochondrial suspension.
MATERIALS AND METHODS
The standard reaction medium in a final volume of 1-9 ml. contained: mannitol (0-5M), EDTA (0-5mM), , potassium phosphate (8-3mM), EDTA (0-4mM), bovine serum albumin (5mg.) and mitochondrial suspension (0-5ml.; 4-7mg. of protein). The side arm held ADP (2-1 mM), glucose (20-8mM), hexokinase (2-5mg.) and substrate (8-3mM-succinate, 8-3mM-cz-oxoglutarate, 2-1mM-NADH2 or 8-3mM-ascorbate plus 0-08mM-tetramethyl-pphenylenediamine); 0-1 ml. of 40% (w/v) KOH was placed in the centre well. The final volume was 2-4ml.; the pH was 6-5 and the temperature 30°. The flasks were equilibrated for 8min., the contents of the side arm were tipped and 02 uptake was determined for 20-25min. The reaction was terminated by pipetting 1 ml. of the reaction mixture intolml. of ice-cold 10% (w/v) trichloroacetic acid and adjusting the volume to 5ml. with 0-1M-sodium acetate.
The precipitated protein was removed by centrifuging and the inorganic phosphate determined as above.
Mitochondrial protein was estimated by the biuret reaction after solubilization with sodium deoxycholate (Jacobs, Jacob, Sanadi & Bradley, 1956 ). Crystalline bovine serum was used as a standard.
RESULTS
The control of respiration by ADP is a very sensitive criterion ofthe metabolic state of extracted mitochondria. The respiratory control ratio, as defined by Chance & Williams (1955) , is the ratio of respiration rate with ADP (state 3) to that after all the added ADP hasbeen phosphorylated (state 4).
Mitochondria extracted from A. niger exhibited high respiratory control ratios. Typical polarographic traces are shown in Figs In several experiments, the respiratory control ratio was 5-6 with oc-oxoglutarate as substrate, but with most preparations the ratio was 3-4. Succinate and NADH2 oxidations had respiratory control ratios 2-4. Owing to the low ratio of the ascorbatetetramethyl-p-phenylenediamine system (1.2-1.5) it was sometimes difficult to observe clearly a second state 4-state 3-state 4 cycle, but the first cycle was always obtained. The ratios were similar to those reported by Ohnishi et al. (1966a) for yeast mitochondria, but with NAD-linked substrates the ADP/O ratios were slightly higher (Table 1) . The results were an indication that site I phosphorylation was present in the isolated mitochondria from A. niger.
Oxidative phosphorylation was also measured by the Warburg technique. The P/O ratios agreed fairly well with those determined by the polarographic method (Table 2 ). The use of sucrose in the suspension and reaction medium did not have a marked effect on respiratory control or ADP/O ratios as measured by the polarograph.
Effect of bovine serum albumin. Bovine serum albumin was required for tight coupling of phosphorylation to be observed in mitochondria from A. niger. Mitochondria could be prepared without albumin provided that it was incorporated in the reaction medium, and the presence of albumin (0.05-0-2%) throughout the preparation procedure did not improve the respiratory control ratio. In some experiments 0.05% albumin in the reaction medium was sufficient to obtain good respiratory control, whereas in other preparations the amount had to be increased to 0 2%. This effect may be attributed to the presence ofan increased amount of uncoupling compounds in these preparations. To avoid such difficulties 0.2% albumin was added to all reaction media. In Fig. 3 , acceleration of res- piration by ADP was not followed by a clear state 4-state 3-state 4 cycle. Under identical experimental conditions but with albumin added to the reaction medium, coupled phosphorylation and respiratory control were clearly obtained (Fig. 3b) . Stability. Mitochondrial suspensions were kept at 00, and the respiratory properties were little changed after 3hr. (Table 3 ). Stability could be maintained for a longer period (at least 4hr.) if albumin was added to the suspension medium (Table 3) . However, storage at 00 for 24hr., even with albumin, resulted in loss of phosphorylation ability.
Effect of pH and Mg2+ ion8. In the pH range 6-8, oxidation of succinate increased with increasing pH. In one series of experiments, the state 4 respiration at pH 8 was almost three times that at pH6-0 (Table 4) . This rapid state 4 respiration resulted in low respiratory control and ADP/O ratios at the higher pH. The optimum pH of 6 5 for maximum respiratory control ratios is lower than that normally employed for manunalian mitochondrial studies.
Mg2+ was omitted from the reaction medium as it was found to greatly stimulate state 4 respiration of succinate and produced low respiratory control and ADP/O ratios (Mg2+ concentration, 5mM). In contrast, a&-oxoglutarate oxidation was not stimulated by Mg2+ and in some experiments there was a distinct improvement in respiratory control. These effects of Mg2+ may be due to stimulation of adenosine-triphosphatase activity, but this has not been investigated.
Effect of uncoupling agent8 and inhibitor8. Potassium cyanide (0.4mM) and antimycin A (0.21M) produced almost 100% inhibition of respiration with succinate, oa-oxoglutarate and NADH2 as substrates. Antimycin A (0.2,uM) had little effect on the ascorbate-tetramethyl-p-phenylenediamine system when measured polarographically or manometrically (Table 2) .
The effects ofAmytal and rotenone on the respiration of mitochondria from A. niger have been reported (Watson & Smith, 1967) . Oxidation and phosphorylation with NADH2 as substrate was relatively insensitive to concentrations of Amytal and rotenone that were sufficient to strongly inhibit the coupled oxidation of a-oxoglutarate (Table 5) . Succinate oxidation was virtually unaffected by Amytal (2mM) and rotenone (30m,umoles/mg. of protein). A higher concentration of rotenone was required to inhibit state 3 respiration with mitochondria from A. niger than with mammalian mitochondria. These results may be compared with those reported by Ohnishi et al. (1966b) for yeast mitochondria.
2,4-Dinitrophenol (0.13mM) abolished respiratory control with succinate (Fig. 4) and NADH2, ut not with cx-oxoglutarate (Fig. 5) . Stimulation of state 4 respiration by dinitrophenol was about 40% with x-oxoglutarate as substrate and coupled oxidation was still evident, as shown on the addition ofADP. The ADP/O ratio was about 1 in this cycle, suggesting an efficient substrate-level phosphorylation not uncoupled by dinitrophenol (Hunter, 1951; Judah, 1951; Azzone & Ernster, 1961) . The effect of oligomycin is shown in Fig. 6 with succinate and NADH2 and in Fig. 7 with ac-oxoglutarate. With all three substrates oligomycin abolished phosphorylation, and the further addition of dinitrophenol produced complete uncoupling in that oxygen uptake was accelerated to the state 3 respiration rate. Ohnishi et al. (1966a) ) ; B, 2,4-dinitrophenol (013mM); C, ADP (0-087mM); C', ADP (0-087mM). DISCUSSION Electron microscopy has revealed the presence of abundant mitochondria in many species of fungi (Hawker, 1965) . However, with the exception of the yeasts, there has been little progress in the knowledge of oxidative phosphorylation in fungal mitochondria. A major difficulty has been the development of a procedure for disruption of the fungal cell wall that does not cause functional damage, such as loss of phosphorylating ability, to the mitochondria. Digestion of the cell wall by snail-gut juice was used by Duell et al. (1964) and Ohnishi et al. (1966a) for the preparation of intact yeast mitochondria. The present paper describes a mechanical method for breakage of the cell wall, by the use ofwhich mitochondria have been isolated from A. niger that appeared to be reasonably intact as demonstrated by good control of respiration by ADP and high P/O ratios.
Observation of tightly coupled respiration required the addition of bovine serum albumin to the reaction medium. It has been established that bovine serum albumin restores the phosphorylating capacity of aged or damaged mammalian mitochondria. The mechanism of the action of bovine serum albumin in restoring oxidative phosphorylation is not fully understood (Pullman & Racker, 1956; Polis & Shmukler, 1957; Helinski & Cooper, 1960) . Insect mitochondria also require bovine serum albumin for maximum phosphorylation (Sacktor, 1954; Lewis & Slater, 1954; Sacktor, O'Neill & Cochran, 1958) , apparently in order to bind long-chain fatty acids released during the homogenization procedure (Lewis & Fowler, 1960; Wojtczak & Wojtczak, 1960) . More recently, Weinbach & Garbus (1966a,b) have shown that the uncoupling effect of substituted phenols can be completely overcome by serum albumin.
Among the main metabolites of the fungi are phenolic compounds (Birkenshaw, 1965) . Release of these compounds during the extraction could result, in the absence of serum albumin, in the uncoupling of mitochondria from A. niger, and the ability of serum albumin to restore phosphorylation and respiratory control may be due to binding of such substances.
The isolated mitochondria showed maximal phosphorylation and respiratory control at pH 6-5. The presence ofMg2+ in the reaction medium greatly stimulated respiration with succinate, but not with a-oxoglutarate. Similar effects of Mg2+ have been reported for brain mitochondria (Voss, Campello & Bacilla, 1961; Bacilla, Campello, Vianna & Voss, 1964) . Ozawa, Seta & Handa (1966) concluded that NAD-linked substrates had maximum phosphorylation rates in the presence of high Mg2+ concentrations but that Mg2+ lowered the respiratory control and ADP/O ratios with all substrates tested.
The oxidation of NADH2 by A. niger mitochondria showed good respiratory control, and was sensitive to antimycin A, oligomycin and dinitrophenol. Under normal conditions of assay, exogenous NADH2 is not oxidized by intact liver mitochondria (Lehninger, 1951) . However, mitochondria isolated from various sources, e.g. yeasts (Duell et al. 1964; Ohnishi et al. 1966a,b) , higher plants (Wiskich & Bonner, 1963) , algae (Lloyd, 1965) and pigeon heart (Blanchaer, Lundquist & Griffith, 1966) , oxidize NADH2, despite appearing intact as judged by electron microscopy, respiratory control and phosphorylation efficiency. The outer membrane of plant mitochondria differs in appearance from that of liver mitochondria (Parsons, Bonner & Verboon, 1965) and the particles may well have different permeability properties.
The sensitivity of the respiratory chain ofA. niger to potassium cyanide and antimycin A and the P/O ratios 1-7 for succinate and 0-9 for ascorbatetetramethyl-p-phenylenediamine show a close relationship to the results with mammalian and yeast mitochondria.
Coupled oxidation was abolished by Amytal and rotenone with NAD-linked substrates, but these inhibitors had little effect on exogenous NADH2 oxidation (Watson & Smith, 1967) . This phenomenon has also been observed for mitochondria from Torulop8i8 utili8 and Endomyce8 magnuaii (Ohnishi et al. 1966b) . At this stage it can only be suggested that coupled oxidation of exogenous NADH2 proceeds via a non-phosphorylating pathway between NADH2 and cytochrome b. Mitochondria from Saccharomyce8 yeasts are insensitive to rotenone both with exogenous NADH2 and with NAD-linked substrates (Ohnishi et al. 1966b; Stekhoven, 1966) . Ohnishi et al. (1966a) reported that S. carl8bergen8i8 mitochondria were unaffected by 3mM-Amytal. However, with a higher concentration of Amytal (5mM), Stekhoven (1966) found that citrate oxidation was inhibited by 75% whereas exogenous NADH2 oxidation was not inhibited.
Substrate-level phosphorylation was presumably present in mitochondrial preparations from A. niger as oc-oxoglutarate oxidation was not completely uncoupled by dinitrophenol (Fig. 5 ), in contrast with NADH2 and succinate oxidations. However, dinitrophenol completely relieved the inhibition of respiration by oligomycin with all three substrates. The concentration of oligomycin required for inhibition was similar to that for animal mitochondria, but was very much lower than that required for mitochondria from S. carltbergen8i8 (Ohnishi et al. 1966a ). Even in the much-studied mammalian system there is still doubt whether substrate-level phosphorylation can be uncoupled by dinitrophenol (Charles, Tager & Slater, 1963; Scholte & Tager, 1965) . Using a preparation of heart sarcosomes, Davis (1965) has shown that oligomycin can inhibit ac-oxoglutarate oxidation and that, in the presence of 1 mM-Mg2+, dinitrophenol relieves this inhibition.
As a result of this work we conclude that there is a close similarity between A. niger mitochondria and those of yeasts and animals.
